Although insulin and the insulin-like growth factors (IGFs) share marked similarities in amino acid sequence and biological activity, their evolutionary origins have not been resolved. To investigate this issue, we recently cloned a cDNA encoding an insulin-like peptide (ILP) from a primitive chordate species, amphioxus (Branchiostoma californiensis). The deduced sequence of amphioxus preproILP indicates that it is a hybrid molecule containing features characteristic of both insulin and IGF. Like proinsulin, amphioxus proILP contains a C-peptide, which is flanked by paired basic residues and is probably removed by proteolysis. However, proILP also contains an extended carboxyl-terminal peptide region that can be divided into D and E domains similar to those of proIGF. Sequence comparisons show that the amphioxus ILP A and B domains are equally homologous to those of human insulin and IGF-I and -II. Based on these results and the exon-intron organization of the amphioxus ILP gene, we propose that IGF emerged at a very early stage in vertebrate evolution from an ancestral insulin-type gene.
The insulin superfamily includes insulin (1), insulin-like growth factors (IGFs) I and 11 (2) , and relaxin (3) in vertebrates and molluscan insulin-like protein (4) , an insulin-like peptide from Locusta migratoria (5) , and the silkworm hormone bombyxin (6) in invertebrates. Of the above hormones, insulin and the IGFs have been shown to share close similarities in primary and tertiary structure and biological activity (2, 7) . The molecular cloning of cDNAs encoding insulin and IGF-I receptors has revealed that they are homologous structures with about 60% identity in amino acid sequence (8, 9) . These findings have led to the proposal that insulin and IGFs may have evolved from a common ancestral form but the evolutionary date of this divergence and the nature of the primordial gene is not known. In earlier studies, we have shown (10) that a highly conserved insulin gene is present in all vertebrate species, including the agnathan hagfish.
To further investigate the evolutionary origin of insulin, we have now cloned and sequenced* the cDNA encoding an insulin-like peptide (ILP) from Branchiostoma californiensis (amphioxus), a primitive cephalochordate that occupies a key position in chordate development as a possible extant relative of the invertebrate progenitor from which the vertebrates emerged (11) . Surprisingly, our analysis of the deduced sequence for amphioxus preproILP indicates that it has the characteristics of a hybrid insulin/IGF molecule and thus may represent a transitional form connecting insulin and IGF. In addition, the exon-intron organization revealed by the cloned amphioxus ILP gene suggests a pathway by which IGF emerged from an ancestral two-chain insulin molecule early in vertebrate evolution.
MATERIALS AND METHODS
Materials. Radioisotopes were purchased from NEN. Murine leukemia virus reverse transcriptase, Escherichia coli polymerase I, T4 DNA ligase, and T4 polynucleotide kinase were obtained from BRL. EcoRI/Not I oligonucleotide adapter was from Pharmacia. ygtl0-EcoRI, ADASHIIEcoRI, and in vitro packaging extracts (Gigapack II Plus) was obtained from Stratagene. Oligonucleotides were synthesized on an Applied Biosystems model 380B DNA synthesizer.
Amphioxus RNA and DNA. Live amphioxus (30-70 mm long) were caught off the coast of southern California (Pacific Biomarine Laboratories, Venice, CA) and were shipped to Chicago for processing. RNA was extracted from whole animals by homogenization in guanidine thiocyanate as described by Chirgwin et al. (12) . Poly(A)+ RNA was isolated by affinity chromatography on oligo(dT)-cellulose (Pharmacia). cDNA was synthesized using murine leukemia virus reverse transcriptase and converted into double-stranded DNA with E. coli DNA polymerase I according to the manufacturer's instructions. An amphioxus phage cDNA library was constructed with 1.0 ug of double-stranded cDNA ligated with Eco/Not I adapters by using T4 DNA ligase, phosphorylated with T4 polynucleotide kinase, ligated to 1.0 ,ug of AgtlO-EcoRI, and packaged in vitro.
High molecular weight amphioxus DNA was isolated by the method of Blin and Stafford (13) . To construct a genomic library, 2.0 jig of amphioxus DNA was digested with EcoRI and equal amounts of DNA were ligated separately to 1.0 ,ug of Agtl0-EcoRI and 10 ,ug of ADASHII-EcoRI and packaged in vitro. Library screening, Northern blot analysis, and other standard recombination DNA procedures were performed essentially as described (14) . DNA sequence analysis was performed using Sequenase (United States Biochemicals).
Polymerase Chain Reaction (PCR). Degenerate oligonucleotide primers corresponding to conserved amino acid sequences in the insulin A chain were sense primer, 5'-GGTA-THGTNGANCARTGYTG-3' (where H is A, T, or C; N is G, A, T, or C; R is G or A; and Y is C or T), which encode Gly-Ile-Val-Glu or Asp-Gln-Cys-Cys; antisense primer contained a mixture of two degenerate oligonucleotides, 5'-TT-ARTTRCARTARTTYTSNAG-3' (where S is G or C) and 5'-TTARTTRCARTARTTYTSYAA-3', which encode the cDNA for the peptide sequence Leu-Glu or Gln-Asn-TyrCys-Asn-Ter. demly repeated pair of basic residues at the carboxyl end (Arg-Arg-Arg-Arg). A pair of basic residues (Lys-Arg) is also located within the C-peptide. However, a termination codon was not found at the end of the A chain and the remaining peptide sequence (residues 102-305) could be divided into putative D and E domains reminiscent of proIGF. Northern blot hybridization of amphioxus poly(A)+ RNA, using as-a probe a 1.1-kb EcoRI-HindIII fragment from pAmI6, revealed a major 2.1-kb mRNA and a minor transcript of 4.1 kb (Fig. 2A) . From densitometric scanning of the autoradiograph, the ratio of the 2.1-kb to 4.1-kb RNA species was approximately 6:1. We also quantitated the total amount of ILP RNA sequences present in amphioxus by dot-blot hybridization compared with known amounts of ILP-specific RNA transcribed from pAins6 with SP6 RNA polymerase. The results indicate that ILP mRNA represents about 0.1% of the total amphioxus poly(A)+ RNA (Fig. 2B) . Fig. 3 shows a comparison of the amphioxus ILP B and A domains with the homologous regions of human insulin and IGF-I and -II. The amphioxus ILP is identical to human insulin in 24 of 51 residues (48%); the sequence identity between amphioxus ILP and human IGF-I or -II is also 48%. Thus based on comparison of primary structures, amphioxus ILP is equally related to insulin and the IGFs.
The conserved residues found in amphioxus ILP include all residues that have been identified as being necessary to form the insulin-like tertiary conformation (17) . However, the amphioxus ILP B and A domains also contain a number of other amino acid substitutions that, to our knowledge, have not been found in vertebrate insulin or IGFs. These include substitutions for Val-B12, Tyr-B16, and Ile-A2, which are all highly conserved residues in insulin. The amphioxus ILP, however, does contain asparagine at position A21, which is invariant among all the vertebrate insulins and is important for insulin biological activity (18) . Another region that is important for biological activity in both insulin and the IGFs, is located at the carboxyl end of the B domain from positions B24 to B26. This region is always occupied by aromatic residues phenylalanine or tyrosine (except for certain hystricomorph insulinst) and has been postulated to interact with the insulin and IGF-I receptors (19) . In the amphioxus ILP, a critical aromatic residue at Tyr-B24 has been conserved but the aromatic residues at B25 and B26 have been replaced with hydrophilic residues asparagine and serine. The D domain in amphioxus ILP (12 amino acids) is similar in length to that found in human IGF-I (8 amino acids) or IGF-II (6 amino acids) but the putative E domain of (pro)ILP is much longer, 183 vs. 35 and 89 amino acids found in human proIGF-I and -II, respectively (20, 21) . There is not significant sequence homology between amphioxus ILP and human IGFs in these regions. Although the D and E domains are relatively well conserved in mammals and in salmon proIGF (22) , the sequence of hagfish proIGF also reveals very low sequence similarity in these domains.
Our analysis of the ILP precursor sequence, deduced from the cloned cDNA, thus suggests that a hybrid insulin/IGFlike hormone is produced in amphioxus. The sequence suggests that proILP is proteolytically cleaved like proinsulin to release a C-peptide but that it also contains extended D and E domains as found in proIGF. To further characterize the relationship among ILP, insulin, and IGF, we screened a phage library prepared from amphioxus genomic DNA and isolated two recombinants that hybridized with ILP cDNA. Restriction mapping and sequence analysis revealed that the clones contained 6.4-and 4.0-kb EcoRI fragments, ordered as shown in Fig. 4A, and The above finding provides strong evidence that ILP and the vertebrate insulins share a common gene lineage, and it is possible that ILP represents an unusual insulin that, to our knowledge, has not been previously found in other vertebrates or invertebrates. However, the significant sequence similarity between ILP and the IGFs as well as the finding that proILP contains a C-terminal peptide that can be divided into putative D and E domains, suggest to us an attractive alternative hypothesis, namely, that ILP may represent an intermediate form linking the IGF genes with an ancestral insulin gene. The organization of the amphioxus ILP gene also provides a plausible pathway by which the IGF genes may have emerged from an ancestral insulin gene. As shown schematically in Fig. 4B , ILP is the first intermediate in this pathway and is formed by a nonsense-to-sense mutation in the chain-termination codon located at the end of the protoinsulin A chain. Next, we postulate that a shift in the intron donor site in the ILP gene upstream to residue Gln-48 (see Fig. 1 ), which is the position homologous to the donor site for intron 2 found in the IGF genes (24, 25) teristic feature of the vertebrates. In support of this, the invertebrate insulin-like hormones, which have been characterized thus far, have been two-chain molecules in which the C-peptides were proteolytically removed; to date, no invertebrate single-chain IGP-like form has been described. In addition, multiple genes ¢ncoding the molluscan insulinlike peptides have been clohied by Smit (28) and sequence analyses revealed that they contain an intron that interrupts the amino-terminal coding region of the C-peptide consistent with the protoinsulin gene model.
An important corollary to the pathway proposed above is that if ILP is formed due to gene duplication and divergence, then amphioxus should also contain a second insulin-like gene in which the A chain does not contain a C-terminal extension. Indeed, Van Noorden and Pearse (26) and Reinecke (27) 
